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ABSTRACT This paper presents a frequency dependent reliability study of commercially available GaN
HEMTs. Both circuit and device-level experiments were performed to better understand the device-level
cause of degradation. It was determined through step-frequency analysis performed in a boost converter
that there is a frequency-dependent device degradation for positive gate stress. The point of degradation and
its primary effect on the converter before the circuit ultimately failed have been analyzed with converter
efficiency, gate current, and gate voltage overshoot. The findings of this experiment clearly show a decline
in efficiency and voltage overshoot and increment in gate current, which are linked to device degradation.
Furthermore, the recovery behavior of degraded devices has been investigated. However, after initial
degradation, devices did not show any signs of recovery over twenty-four-hour recovery periods. The causal
origin of these phenomena associated with the gate structure of the device was established by gate step-stress
testing as well as an examination and analysis of the possible conduction mechanisms through the gate

structure.

INDEX TERMS Frequency dependent, gate-stress, GaN, reliability, voltage overshoot.

I. INTRODUCTION

Wide bandgap (WBG) semiconductor devices, such as those
based on gallium nitride (GaN) and silicon carbide (SiC),
facilitate the development of high-power, switch-mode power
electronics that can realize higher temperatures, voltages,
and frequencies as compared to those utilizing traditional
silicon (Si) devices. This allows power electronics based on
WBG semiconductors to achieve higher power densities and
efficiencies than previously possible. Of particular interest
is GaN high electron mobility transistors (HEMTs). HEMTs
combine the voltage blocking properties inherent in GaN’s
wide bandgap with high conductivity due to GaN’s ability to
spontaneously form a two-dimensional electron gas (2DEG)
when interfaced with aluminum gallium nitride (AlGaN).
These properties allow the use of GaN HEMTs in power
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electronic applications that are not realizable with other
device technologies [1]-[4].

Nearly all commercially-available GaN devices are lat-
eral HEMTs. In recent years, technological development has
been devoted toward the AlGaN/GaN HEMT, which leads to
increased breakdown voltage, reduced ON-resistance, sup-
pressed current collapse, and reduced gate leakage cur-
rent [5]. Although, from the terminal behavior, these HEMT
devices exhibit similar current-voltage (I-V) characteristics
to traditional MOSFETS, the unique construction and physics
involved in GaN HEMTs give rise to properties that are not
seen in MOSFETs [6].

One phenomenon unique to GaN HEMTs arises as a conse-
quence of the AlGaN/GaN heterojunction. The spontaneous
piezoelectric effect causes a 2DEG to form at the AlIGaN/GaN
interface, forming a channel in the device at zero bias unless
designs are implemented to compensate for this [7]-[9]. Such
a depletion-mode or normally-on device is not desirable for
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power electronics systems, so steps must be taken to create
an enhancement mode device. There are several effective
ways to accomplish this, each with their own benefit: the
use of fluorinated gate dielectrics [10], the use of a recessed
gate structure [11], a pGaN gate [12], a pAlGaN gate, and a
cascode of an enhancement mode device with a low-voltage
normally-off Si device [13].

Despite significant advances in GaN device capabilities,
a major factor inhibiting the widespread adoption of GaN
devices in deployed power electronic systems is a lack of
knowledge concerning GaN devices’ reliability, especially in
particular converter circuits. Previous semiconductor physics
research has focused on phenomena such as (but not limited
to) current collapse, hot carrier injection, trap generation,
gate edge degradation, and the inverse piezoelectric effect.
In order to overcome these challenges and hasten the adop-
tion of GaN devices, two concurrent research paths must be
pursued. The first involves the design of devices that mitigate
or solve these reliability problems. The second involves the
study and quantification of these effects and their impacts
on converter-level performance. This enables converters to
be designed in such a way that reduces the likelihood of
degradation. However, the variety in converter topologies as
well as available GaN devices complicate the second research
path. Additionally, the use of hard-switching in power elec-
tronics [14] also increases the stress on components regard-
less of material. Although GaN technology allows for the
efficient implementation of higher switching frequencies in
converters, these high edge rates, and large ringing exacerbate
the failure of switching devices in hard switching conditions,
which can lead to system failure [15]. Therefore, it is neces-
sary to investigate the reliability study of switching devices
at the circuit level in addition to the device level.

In application-relevant reliability testing, analysis is usu-
ally performed with double-pulse testing (DPT) due to its
simplicity and isolation of temperature effects. The analysis
in this paper is performed using a boost converter, thereby
allowing investigation of device reliability in a more practical
setting. The transistor in the converter operates in three funda-
mentally different bias conditions: the off-state, the semi-on
state, and the on-state. These bias conditions are responsi-
ble for different degradation modes [16]. Forward bias gate
breakdown, for example, is mainly associated with on-state
and semi-on state biases, which can be analyzed in a hard-
switched converter.

Although the converter is more complex, it accounts for
two effects that are not present in the DPT. This enables the
performance and reliability of the device in a commercial
setting to be assessed. The first is the presence of parasitic
inductances that are observed in converters and have a poten-
tially significant effect on device performance [17]. The sec-
ond is the effect of higher switching frequency on degradation
mechanisms. In a commercial use case, the device is operated
at a higher switching frequency in order to reduce the size of
the converter and increase power density. It is, therefore, vital
to investigate frequency-dependent degradation mechanisms
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at the converter level, as parasitic inductances are most influ-
ential in high-frequency operation.

The reliability study presented in [18] for MOS-gated
devices, exhibits a frequency-dependent mean-time-to-
failure (MTTF) for positive gate stress. The device failure is
caused by the locally altered electric field due to trapping/de-
trapping of charges in the dielectric or the interface. Time-to-
breakdown depends on trapping and de-trapping rate and thus
depends on the switching frequency [18]. However, reliability
studies for commercially available Schottky type p-GaN gate
HEMTs on the frequency-dependent gate degradation for
positive gate stress are limited. The reliability study presented
in [19] exhibits no noticeable difference by varying frequen-
cies between 10kHz and 100kHz in the MTTF for positive
gate voltage stress.

In this paper, the frequency-dependence of gate stress reli-
ability of commercially available lateral 100-V Schottky type
p-GaN gated devices [20] is assessed for frequencies ranging
from 100kHz to 1.5MHz. The analysis was performed at both
the circuit level as well as the device level. In circuit-level
experimentation, the device was subjected to stress typical
of a device in a commercial, hard-switched boost converter.
Testing was performed at varying frequencies and a varying
steady-state gate driving voltages. Device-level testing was
focused on step-stress methods consistent with work pre-
sented in previous literature for GaN reliability [21]-[23].
The relation between observations of converter-level perfor-
mance and degradation were then correlated with device-level
phenomena and testing. In addition, degraded GaN devices
have been re-tested in the frequency sweep test to analyze the
recovery behavior of the device. The results have revealed a
close relationship between Vgg overshoot, gate current, and
efficiency pre, post, and during degradation, which can be
very useful in understanding converter failure mechanisms.
In this way, this paper provides a framework for assessing
the effects of device reliability and degradation on circuit
performance while also demonstrating where effort in device
design can be directed to improve converter performance of
GaN devices.

The motivation for the frequency-dependent investigations
pursued here can be attributed to the emergence of spectral
content in GaN and SiC-based power converters tradition-
ally observed in the RF community. That is, the extended
dynamics observed in GaN and SiC-based power converters
can result in spectral content orders of magnitude above
the switching frequency. As discussed in [24], the spectral
content observed in GaN and SiC-based circuits can lead to
capacitive dispersion, where the inter-electrode capacitances
exhibit frequency-dependence. Such phenomena can be dif-
ficult to model, and by extension, predict. Indeed, in [25] a
preliminary method for modeling dispersive behavior in wide
bandgap semiconductors was presented. The model in [25]
was only capable of predicting the device’s empirical perfor-
mance when the frequency dependence of the parasitics was
taken into consideration. This was demonstrated by adopting
a behavioral modeling approach, where frequency-dependent
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FIGURE 1. Experimental setup for device reliability testing in a converter.

curve-fitting parameters were used as coefficients to adjust
the magnitude of the device capacitance. The behavioral
modeling technique conclusively showed the necessity of
taking into account capacitive dispersion for next genera-
tion wide bandgap semiconductor model-development. How-
ever, the power electronic community would also benefit
from a more physically descriptive model of the anomalous
high-frequency behavior seen in both GaN and SiC, as well as
an assessment of the effects of this extended frequency con-
tent on the performance and failure of commercial devices.
For these reasons, a converter-level frequency-dependent
investigation was pursued here. The phenomena observed and
reported in this paper, as well as the explanations provided,
can thus be used to inform and expand the design of future
physical models based on GaN and SiC.

This paper is organized as follows: Section II presents a
converter-level experiment setup and its results. Section III
presents a device-level reliability study and its results.
Section IV investigates the device degradation phenomena.
Section V concludes the presented work and discusses future
scope.

Il. CONVERTER LEVEL EXPERIMENTAL SETUP AND
RESULTS

A. POSITIVE GATE STRESS TEST WITH VARYING
SWITCHING FREQUENCY IN BOOST CONVERTER

The aim of the converter level forward-biased gate reliability
study is to contribute to the understanding of the failure
mechanisms of GaN-based transistors in real-life applications
when encountering higher-than-recommended gate voltages.
The device performance was assessed in a prototype boost
converter shown in Fig. 1, with the schematic and parameters
shown in Fig. 2 and Table 1. With the GaN device placed
in a hard-switched boost converter, a step-frequency stress
analysis was performed to analyze the devices’ failure mech-
anisms at different forward biased gate voltages. The critical
degradation point of the devices was closely monitored in
terms of converter efficiency, gate current, and gate voltage
overshoot. In this experiment, the frequency was varied from
100 kHz to 1.5 MHz in increments of 100kHz every three
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TABLE 1. Boost converter parameter.

Parameter Value
Output Voltage 60 V
Power 36W
Duty Cycle 0.5
Switching device (Q1) 100V GaN [20]
Gate resistor 62Q
Inductor (L1) 0.8 mH
Capacitor (C1) 0.47 uF
Current viewing resistor SDN-414-10

L1 D1
vintl o1 c1= R1§

FIGURE 2. Boost converter topology.

minutes at a given steady-state Gate-to-Source voltage (Vgs).
This process was then repeated for different steady-state Vgg
values from 5.2V to 6V of 0.2V increment. The various
results were analyzed to find the optimum operating condi-
tions of the converter. By progressively stepping frequency
and gate voltage, specific points at which the GaN device
started to show signs of performance degradation could be
identified. Various parameters were tracked for performance:
input current, output voltage, gate voltage overshoot, and
steady-state gate current. In order to scrutinize the perfor-
mance of the device at out-of-specification gate voltages,
forward-biased gate voltages were applied, which were in
excess of the recommended 5V [20].

The step-frequency stress analysis allowed for several sig-
nificant observations. While operating at the recommended
gate voltage, the converter remained consistent in perfor-
mance, and no unexpected significant drops in efficiency
were recorded. The GaN devices showed no sign of degra-
dation throughout the test. However, when the steady-state
Vs was increased to 5.8V or higher, a significant drop in
efficiency was recorded after some time. The drop in effi-
ciency occurred concurrently with an increase in gate current.
The efficiency changes versus frequency and its comparison
with gate current and gate voltage overshoot can be seen in
Figs. 3 and 4.

GaN devices, here termed as “Part Q”’, and “Part T”” were
run from 100 kHz to 1.5 MHz with 100 kHz increment as
shown in Fig. 3 and 4. After the entire spectrum of frequencies
was swept, Vgs was incremented by 0.2V and the frequency
sweep was repeated again. This process repeated from 5.2V
to 6V gate source voltage. At each Vg and frequency pair,
the efficiency of the converter, gate current, and gate voltage
overshoot was recorded.
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FIGURE 3. A and C) Efficiency vs. frequency for part Q and part T, respectively. B and D) Gate current vs. frequency
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As shown in Fig. 3A for “Part Q" ata Vgs of 5.8 V and fre-
quency of 500 kHz, the performance of the converter declines
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due to the degradation of the device. It was observed that
the overall efficiency of the device decreases as frequency
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increases, with a maximum recorded efficiency of 97%
around 200 kHz when operating at Vgg values of 5.2V, 5.4V,
5.6V, and 5.8V. For the first three gate voltages, the overall
efficiencies decrease by approximately 0.5% per 100 kHz rise
with the lowest efficiency of 90.8% recorded at 1.5 MHz.
However, for Vgs of 5.8V, a sharp drop in efficiency was
observed from 95.7% at 500 kHz to 93.1% at 600 kHz.
This drop-in efficiency corresponds to the moment when the
gate current increases, as observed in Fig. 3B. Similarly,
in Fig. 3C and 3D, a drop-in efficiency, and corresponding
gate current increase are observed for Part T at 6V. These
observations were noted for numerous different devices with
degradation consistently occurring between 5.8V and 6.0V,
at frequencies between 400 and 600 kHz.

Referring back to Fig. 3A, it is important to note that when
the device was operated at a Vgg of 6V, the initial efficiency
was 91.78% at 150 kHz. This is lower than the efficiency
of the converter corresponding to 150 kHz when the device
was operated at the other gate voltages. This behavior is
believed to be due to the device degradation from the previous
test at a Vgs of 5.8V. Indeed, the device never recovered
back to its initial condition after degradation occurred. This
phenomenon can be potentially explained by the creation
of traps at the AIGaN/GaN heterostructure, which causes a
decrease in mobility of the channel of the device resulting in
increased on-resistance [26]—-[28].

An important observation made during the test was a
decrease in the observed overshoot of the gate voltage when
degradation occurred as observed in Figs. 4A and 4B for
part Q. When the “Part Q" is operated at Vg values of 5.2V,
5.4V, and 5.6V, the overshoot value is nearly constant over the
entire spectrum. Contrarily, when the GaN device degrades
at Vgg of 5.8V, as seen in Fig. 4A (which is the same as
Fig. 3A), the overshoot value experiences a clear change,
noted in Fig 4B. This observation is likely attributed to the
breakdown of the gate-dielectric over time, leading to poor
device performance. Similarly, for Part T, the device degrades
at6 'V gate stress voltage, as seen in Fig. 4C (same as Fig. 3C),
and the overshoot experiences a rapid decline in its value,
shown in Fig. 4D.

One of the reasons that GaN devices are attractive to device
engineers is their ability to display high performance at higher
frequencies of operation than most competing devices. This
leads to an increase in converter power density. Therefore,
it is important to study the effects of higher frequency on the
degradation of GaN devices. This study shows that there is
a direct correlation between frequency increase and device
degradation when a device is stressed at higher gate voltages.
Furthermore, a correlation between device degradation and
converter failure and their influence on gate current and gate
voltage overshoot has been demonstrated.

B. GATE TO SOURCE VOLTAGE STRESS TEST AT CONSTANT
SWITCHING FREQUENCY

This section verifies the degradation point suggested in
Fig. 3 and 4 by the forward gate stress test for the boost
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FIGURE 5. A) Efficiency and overshoot vs. time for part U3 and part U4. B)
Efficiency and gate current vs. time for part U3 and part U4.

converter at constant switching frequency and constant gate
voltage conditions. In such conditions, for non-degraded
devices, the efficiency, gate current, and Vgg overshoot of the
converter should be constant. Conversely, these parameters
are not expected to be constant for a degraded device.

As from Fig. 3 and Fig. 4, it was observed that the device
would show signs of degradation at for Vgs Vgs at 5.8V
or higher and frequencies of 500 kHz or above. Therefore,
the first Vggs stress experiment was performed on the boost
converter at a Vgs of Vgs 5.6V, with a switching frequency
of 500 kHz. This test investigated if degradation would occur
below 5.8V, particularly under continuous operation for an
extended period of time. However, no signs of degradation
were present in any of the ten trials performed at a Vgg
voltage of 5.6V. Under these conditions, the efficiency, Vgs
overshoot, and gate current were all constant throughout the
experiment.

This is shown in Figs. 5 A and B for Part U3. In response to
this, Part U3 was operated at a gate voltage of 5.8V in the next
experiment, where indications of degradation became visible
after 5 minutes of continuous operation, also illustrated in
Figs. 5A and B for Part U4. As the gate-voltage has been
increased, the adopted naming convention for the test neces-
sitates that Part U3 now be termed Part U4. It should be noted
that Part U3 and Part U4 are the same device — the difference
in name is attributed to the different operating conditions or
test trial. The results in Figs. SA and B for Part U4 show the
degradation mechanism similar to that mentioned in previous
experiments. The efficiency and overshoot of Part U4 began
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to drop after approximately 5 minutes of operation, as noted
in Fig. SA. Also, as observed in Fig. 5B, the gate current
of Part U4 increased and fluctuated continuously, contrary
to the performance of Part U3. These observations strongly
support the findings illustrated in the previous section for
Figs. 3 and 4.

C. RECOVERY BEHAVIOR

The objective of this study was to investigate if the degraded
device recovers to its normal condition after an extended rest
period. Figs. 6 A, B, and C demonstrate efficiency, overshoot,
and gate current, respectively. In this case study, the recovery
behavior of the degraded device is analyzed on the same boost
converter testbed that yielded the results in Fig. 3, and Fig. 4.
In Fig. 6 A-C, Part Q4, Part Q5, and Part Q6 represent the
device status before, during, and after degradation with Vgg
voltages of 5.6V, 5.8V, and 5.8V, respectively. Again, Part Q4,
Part Q5, and Part Q6 are the same device, just subjected to
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different operating conditions or trial numbers. The reason
that 5.8V was used a second time was to determine if the
device would exhibit the same behavior as the previous 5.8V
test, or if the behavior would be different after degradation.

As observed in Fig. 6, Part Q5 degraded at a gate drive
voltage of 5.8V. The experiment was then repeated after a
recovery period of twenty-four hours. At this time, the device
still exhibited a reduced efficiency and overshoot, as shown
in Fig. 6 A-C, for Part Q6. The profile of both efficiency
and Vs overshoot for Part Q6 against the entire frequency
spectrum was similar to the pre-degraded device (Part Q4) but
with a similar magnitude to the degraded device (Part QS5) at
frequencies above 500 kHz.

Although an extended recovery period of twenty-four
hours was allowed, the device did not show any signs of
recovery, indicating that a further extended recovery period
would likely yield similar results. Also, since every device
has a unique degradation point based on associated trapping
behavior, the recovery period varies accordingly. It is difficult
to define the amount of time required by a GaN device to
recover completely after the degradation process, and so far,
there is no concrete information available in the literature to
substantiate the recovery period.

IIl. DEVICE LEVEL RESULTS TO JUSTIFY RESULTS
OBTAINED IN CONVERTER LEVEL EXPERIMENT

More detailed information on the physical origin of degra-
dation presented in the above section can be obtained by
step-stress analysis. It is, therefore important to evaluate the
devices under positive gate stress to identify the related degra-
dation modes and mechanisms. In this experiment, as shown
in Fig. 7A, the device drain and source terminals are shorted
to ground, thereby eliminating the possibility of current-
collapse-related device degradation. Instead, degradation is
attributed to the generation of hot spots in the AIGaN/GaN
HEMT due to the high electric field in the AlGaN layer,
resulting in the formation of leakage paths [7], [29]. In addi-
tion, increased gate current is attributed to an increase in
the generation of hot electrons, and a high electric field
accelerates the degradation by creating surface traps.

Fig. 7B and 7C report the results of a step-stress exper-
iment carried out on a commercially-available GaN-HEMT
subjected to a positive gate bias, using the configuration
in Fig. 7A. The gate voltage was increased by 0.2V every
60s, and the corresponding gate current was continuously
recorded. During the first two trials of the experiment,
the device did not degrade when gate voltages increased
step-wise (0 — 8V), and the gate currents are normal through-
out trial 1 and 2 periods, as shown in Fig. 7B. However, from
Fig. 7C, for voltages above 8V, the device gate current has
increased abnormally during trial 3 of the experiment. The
sudden rise in gate current at approximately 8V illustrates
that device degradation occurred at a voltage greater than the
absolute maximum Vgg of 6V. After the degradation, the I-V
curve of the gate exhibits short circuit behavior. In trial 4,
the device gate current is significantly higher compared to
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FIGURE 7. A) DC gate-bias circuit for device level testing, B) gate current
vs gate voltage for trial 1 and 2 without degradation, and C) gate current
vs gate voltage for trial 3 and 4 with degradation.

all other trials, as seen in Fig. 7C. This suggests that the
device never recovered to its original state, similar to the
phenomenon observed in the converter level experiment.

To further show that this phenomenon is the result of trap-
ping, the step-stress experiment was conducted at 125 degree
Celsius. An analysis of conduction behavior was performed
against standard diode-like conduction (thermionic or diffu-
sion) as should be expected from this gate structure [30], [31].
That is, the gate current should follow (1) with n values
(ideality factors) between ~1 and 3.

Io—1, (exp (%) _ 1) (1)

where ¢ is the electron charge, k is Boltzmann’s constant,
T is temperature, and Ig is the reverse-saturation current.
This analysis is shown in Fig. 8 in which, at both room
and elevated temperature, n values were fit as 52.8 and 166,
respectively. It should be noted that the experimental data
shown in Fig. 8 was taken without loading the device, and
as such, any observed current should be the result of only the
gate structure and condition.
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to expression (1) at 25 °C (red) and 125 °C (blue).

As previously stated, (1) is based on the main current
mechanism in the junction being either thermionic or dif-
fusion current with minimal junction recombination effects.
Such unreasonable numbers for n indicate that there must
be substantial tunneling and/or trapping effects (trap assisted
tunneling (TAT), Shockley-Reed-Hall (SRH) emission etc.)
contributing to the current, as an exceptionally high n value
indicates significant junction imperfections and recombina-
tion effects. This is strong evidence that trapping and degra-
dation effects are present at the gate of this device which gives
rise to and acts as the mechanism of the device degradation
shown previously in Section II.

IV. GATE DEGRADATION MECHANISM

As described in the literature, GaN power devices and specif-
ically GaN HEMTs are vulnerable to high gate-to-source
voltage stress and any gate bias stress beyond critical volt-
age could lead to gate current surge [33]. This can also be
seen from the experiments performed in Section II and III.
However, voltage overshoot drop due to device degradation
has never been noted in literature before.

To describe these effects, the band structures of the devices
under test can be examined for the possible tunneling and
trap effects described in Section III. Fig. 9 shows typical
gate current mechanisms with E¢ being the conduction band
energy, Ey being the valence band energy, F; is the quasi-
Fermi level for electrons, F, is the quasi-Fermi level for holes,
and Epy is the Fermi level of the metal gate contact. Fig. 9
was formed based on available information from [30], [31].
Here four main current mechanisms are identified, consis-
tent with the temperature dependence in Fig. 8: thermionic
emission of electrons and holes, J,, Tg and J,, Tg respectively,
and thermionic field emission of electrons and holes, J, TFE
and J,, TrE respectively. Itis possible that significant diffusion
current may replace some or all of the indicated thermionic
current, but would still be insufficient for describing the
results in Fig. 8. The mathematical and theoretical underpin-
nings of thermionic(-diffusion) current as well as thermionic
field emission are given in [34].
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FIGURE 9. Typical gate current mechanisms expected to be present at the
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FIGURE 10. Trapping effects present at the gate interface of the device
under test.

Fig. 10 then identifies the main theorized trapping effects
at play in this device. These are namely trap-assisted tun-
neling through shallow interface traps, Jntar and Jp tar
for electrons and holes respectively, and Shockley-Reed-
Hall recombination through shallow and deep traps. These
highly non-linear effects then can be used to account for the
non-idealities in Fig. 8, as well as providing information use-
ful to explaining the experimental observations in Section II.

As described in [19], hole injection from the gate elec-
trode to p-GaN can become significant under a large pos-
itive gate stress. Charge carriers (electrons and holes) then
would be accelerated by the high electric field in the
pGaN and AlGaN interface This high-energy carriers would
mainly be transferred through the thermionic(-diffusion) and
thermionic field emission mechanisms. These carriers then
could have sufficient energy to generate defects and traps
in the AlGaN barrier layer. In addition to this, existing
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shallow and deep trap levels at the interface can facil-
itate additional trap-assisted tunneling current that feeds
into the previous high-energy carrier degradation. Shock-
ley Reed-Hall recombination as well, will cause traps
to become occupied/depleted altering the shape of the
pGaN/AlGaN/GaN structure. This barrier alteration through
trap occupation/depletion then can cause either positive or
negative feedback to the above current and recombination
mechanisms.

These mechanisms then are dependent on all bias condi-
tions examined in Section II, but most notably in this work,
switching frequency. Since trapping and de-trapping time
constants may be on the order of the switching period of the
device, the total number of traps generated and therefore the
magnitude of the traps’ effects on the device’s performance
and characteristics will be frequency dependent. Addition-
ally, these effects can build up over time to cause both the soft
degradation and hard degradation (failure) exhibited by the
devices in Section II either through over-currents, threshold
voltage instability, or thermal runaway.

In converter-level testing, it was additionally shown that
the device exhibited frequency-dependent degradation. This
likely emerged due to the interplay of device and package
parasitics with surrounding circuit parasitics. This interplay
can be directly related to the physical explanations given here
based on the devices expected frequency-dependent char-
acteristics. The rapid switching capability of GaN HEMTs
emerges largely from their relatively small device foot-
prints and reduced parasitic capacitances. While this enables
enhanced edge rates, it also results in the injection of high
frequency content at switching edges. This can result in the
emergence of momentary dispersive effects causing appar-
ent capacitance and inductance values to fluctuate. If these
new apparent values introduce harmonics near the switching
frequency, excessive oscillation can occur, causing reduced
efficiency and increased gate stress. Soft gate breakdown
from these mechanisms can then result in the introduction
of new trap states in the gate structure induced by the
feedback process described previously. Such states would
result in increased device input capacitance, explaining both
reduced efficiency and reduced overshoot following a fre-
quency dependent breakdown as well as the observed hard
device failures.

V. CONCLUSION

This paper demonstrates experiments conducted on commer-
cially available GaN devices to ascertain their frequency-
dependent and bias-dependent reliability and lifetime in
converter applications. This testing demonstrated a clear
dependence of device degradation on both switching fre-
quency and gate voltage stress. Furthermore, a non-linear fall
in overshoot was also observed with a surge in gate current.
As aresult, efficiency is reduced during and following degra-
dation events. The gate current experiences surges during
the degradation period, otherwise it is linear with respect
to frequency. The experimental results yielded new findings

137319



IEEE Access

R. L. Kini et al.: Investigation of Frequency Dependent Reliability and Failure Mechanism of pGaN Gated GaN HEMTs

related to the behavior of Vgg overshoot, gate current and
converter efficiency that have never been presented before in
literature. Furthermore, frequency dependence of breakdown
was observed, demonstrating the need for converter-level
testing in addition to DPT switching tests. This effect is
attributed to trap-related phenomena in the gate structure of
the device, which was corroborated by device testing and
analysis.

As mentioned previously, the high-frequency behavior of
both GaN and SiC has become a focus of attention and sys-
tematic investigation by the broader power electronic com-
munity. Preliminary behavioral modeling techniques have
been proposed to account for this behavior, as recently
reported in [25]. In the herein presented work, the observa-
tions noted in Sections II and III, and the physical explanation
for these observations provided in Section IV can be used
to expand the work shown in [25] with more physically
descriptive models. That is, the behaviors observed in the
herein presented paper can be used to develop models that are
physically descriptive of frequency-dependent phenomena.
In this way, this paper can help inform modeling, design, and
fabrication techniques for future generation wide bandgap
semiconductor devices.
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